Abstract Copper oxide nanoparticles (CuO NPs) were synthesized by a green route using an aqueous black bean extract and characterized by XRD, FT-IR, XPS, Raman spectroscopy, DLS, TEM, SAED, SEM, and EDX. The synthesized CuO NPs were spherical in shape, and the XRD results show the average size of the NPs was $26.6 nm. The cytotoxic effect of the CuO NPs was determined by sulforhodamine-B assay. Mitochondria-derived reactive oxygen species (ROS) were increased and initiated lipid peroxidation of the liposomal membrane, which regulates several signaling pathways and influences the cytokinetic movements of cells. Mitochondrial fragmentation disruption assay confirmed the alteration in the mitochondrial structure after incubation with nanoparticles. In addition, clonogenic assay confirmed the inability of NPs incubated cancer cells to proliferate well. Our experimental results show that the CuO NPs can induce apoptosis and suppress the proliferation of HeLa cells. 
Introduction
Cancer is one of the leading causes of death worldwide and is characterized by proliferation of abnormal cells. Surgery, chemotherapy, and radiotherapy methods are used in cancer treatment. However, these standard methods are expensive and have side effects with limitations of their use, so there is an urgent need for effective, inexpensive and non-toxic, treatments with minimal side effects that are acceptable by people. Nanoscale material structures usually range from 1 to 100 nanometers (nm) in size, comparable to large biological molecules
Materials and methods

Materials
Dry black beans were collected from a local supermarket in Gyeongsan-si, South Korea. Copper sulfate (CuSO 4 . 5H 2 O) was purchased from Sigma-Aldrich, Seoul, South Korea. Dimethyl sulphoxide (DMSO) and sulforhodamine B (SRB) were purchased from Sigma. Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin and trypsin-EDTA were obtained from Welgene (Daegu, South Korea). Mito Tracker Red, Hoechst 33252 and 2 0 , 7 0 -Dichlorofluorescin diacetate (DCFH-DA) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, California, USA).
Synthesis of CuO NPs
Ten grams of beans were washed with distilled water to remove any dust and adhesive materials and made into a paste by mortar and pestle. This paste was moved to a 250-ml beaker, which was filled with distilled water to a final volume of 100 ml. This was heated up to 80°C for around 30-40 min, allowed cool to room temperature, filtered using Whatman filter paper, and stored in a refrigerator for further study.
To synthesize CuO NPs, we used a literature method (Sivaraj et al., 2014a,b) with slight modifications. To the 100 ml of bean extract, we added required quantities of CuSO 4 to attain 10 mM. The reaction mixture was stirred for around 20 min to mix completely the metal precursor and kept in an oil bath with vigorous stirring at 120°C for 7-8 h. The reaction mixture was cooled to room temperature, and a brown-black colored product was obtained. The solid product was separated by centrifuge (15,000 rpm, 15 min, 4°C), washed with DI water twice, and calcined at 400°C for 2 h. The final CuO NPs powder was stored in a vacuum desiccator for further use.
Characterization of CuO NPs
The purity and grain size of the green-synthesized CuO NPs were characterized by X-ray diffraction (PANalytical X'Pert MRD) using Cu Ka radiation (k = 1.54 Å ) at 40 kV and 30 mA. Functional groups and chemical composition were analyzed by Fourier transform infrared spectroscopy (FT-IR, Perkin-Elmer-Spectrum Two). The spectrum was obtained by recording at a wavelength of 400-4000 cm À1 . Raman spectroscopy was performed using a Horiba, XploRA Series, PLUS. Dynamic light scattering (DLS) was performed with DynaPro Plate Reader (Wyatt Technology). The chemical state and composition of the elements present in the CuO NPs were examined by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) using an Al Ka X-ray source (1486.6 eV). The source energies of 200 eV and 30 eV were used for the high and low-resolution scans, respectively. The shape and morphology of the CuO NPs were determined by scanning electron microscopy (SEM-Hitachi s-4200 N), and energy dispersive X-ray analysis (EDAX) and elemental mapping were done using the same instrument. High-resolution transmission electron microscopy (HR-TEM-FEI-Tecnai TF 20) and selected area diffraction (SAED) were also performed.
Cell culture
HeLa cells were obtained from the Korean Cell Line Bank (South Korea). Cells were maintained in growth medium supplemented with 10% FBS and 1% antibiotics (penicillin-strep tomycin). The cells were grown in a CO 2 incubator at 37°C with 5% CO 2 .
SRB assay
HeLa cells were seeded at a density of 2.5 Â 10 4 cells/well into 96-well plates and allowed to adhere for 24 h at 37°C. Cells were treated with CuO NPs at different concentrations (0.001, 0.01, 0.1, 0.5 and 1 mg/ml) for 12, 24 and 48 h. At the end of the treatment duration, the cytotoxic effect on the HeLa cells was measured by SRB assay (Pandurangan et al., 2015a,b) .
Determination of ROS production
HeLa cells were seeded in 96-well plates in growth medium at a cell density of 5000 cells per well and incubated at 37°C and 5% CO 2 . After 24 h of adherence, cells were treated with CuO NPs (0.5 and 1 mg/ml). At the end of treatment, cells were examined under a fluorescence microscope (Axiovert 2000, Carl Zeiss, Germany) (Pandurangan et al., 2015a,b) .
Mitochondrial membrane disruption
To study the apoptosis-induction potential of CuO NPs by disrupting the mitochondrial membrane, we observed the changes in mitochondrial morphology following CuO NP treatment. HeLa cells were cultured at a density of 2.5 Â 10 4 cells/well and grown in the culture medium. Cells were treated with CuO NPs for 24 h. At the end of 24 h, cells were washed with PBS and exposed to 50 nM Mito Tracker Red for 40 min at 37°C and then washed and exposed to 1 lg/ml of Hoechst 33258 for 10 min at room temperature. Cells were washed with PBS and viewed under a fluorescent microscope (Axiovert 2000, Carl Zeiss, Germany). Hoechst 33258 staining visualizes the cell nuclei, and Mito Tracker Red stains the mitochondria to allow for visualizing alterations in mitochondrial structure due to the CuO NP treatment (Iovine et al., 2014) .
Clonogenic assay
HeLa cells were cultured at a density of 2.5 Â 10 4 cells/well in 6-well plates and allowed to adhere for 24 h. After adherence, cells were treated with CuO NPs for 24 h. The cells were washed with PBS and stained for 30 min with a solution of crystal violet (0.2%), methanol (50%), and acetic acid (10%) in water at room temperature. The cells were completely washed with deionized water and viewed under a light microscope (CKX41, Olympus, Japan) (Moktan and Raucher, 2012) .
Results and discussion
Characterization of CuO NPs
The black bean contains a number of phytochemicals such as proteins, amino acids, oligosaccharides, complex carbohydrates, alkaloids, phenols, saponins, flavonoids, and among others (Geil and Anderson, 1994; Mishra et al., 2010) . From the experimental findings, here we proposed one possible mechanism and possible stepwise pathway for the formation of CuO NPs (Scheme 1). At first, the metal precursor (CuSO 4 -Á5H 2 O) reacts with hydroxyl anion (-OH) which is generated by water, and forms copper hydroxide (Cu (OH) 2 ). The aqueous extract of black bean contains a lot of phytochemicals such as proteins, amino acids, oligosaccharides, complex carbohydrates, alkaloids, phenols, saponins, and flavonoids, and these compounds will act as encapsulating agents and be reduced from copper hydroxide to copper oxide nanoparticles. The FT-IR bands located at 1037.6, 595.8, and 539.9 cm À1 have been assigned to N-H stretching vibrations of aliphatic amines (Salah-Eddin et al., 2015) , C-Cl stretching of alkyl halides (GnanaDhas et al., 2012) and C-Br stretching of alkyl halides (Sankar Narayan et al., 2015) (Fig. 1a) . The strong band located at 1037.6 cm À1 , whereas peaks at 595.8 and 539.9 cm À1 can be attributed to vibrations of CuO, confirming the formation of highly pure CuO NPs (Ren et al., 2009) .
Raman spectroscopy is a very useful technique for the study of phases and structure of metal oxide systems. The Raman shift and bandwidth change with decreasing particle size (Swarnkar et al., 2009 (Swarnkar et al., , 2011 Tanaka et al., 1992 Tanaka et al., , 1993 . Xu et al. (1999) reported that Raman intensity is related to the grain size. When grain sizes increases, Raman peaks become stronger and sharper and shift slightly to a higher wave Sundaramurthy and Parthiban (2015) number (Bhaumik et al., 2014) . The Raman spectrum of the green-synthesized CuO NPs is shown in Fig. 1b . The spectrum contains three peaks located at 286, 336, and 623 cm À1 . The firm peak at 286 cm À1 and a weak peak at 336 cm À1 are assigned to CuO (Swarnkar et al., 2009) . The peak at 286 cm À1 can be identified as the A g mode, and the peaks at 336 and 623 cm À1 can be identified as B g modes in the monoclinic CuO (Irwin et al., 1990) . These wave numbers are close to those reported in the literature (Xu et al., 1999; Rashad et al., 2013) . Fig. 1c shows the XRD diffraction peaks at 2h of 32. 57, 34.33, 35.64, 38.80, 46.45, 48.87, 51.57, 53.52, 58.37, 61.72, 65.91, 66.29, 67.98, 68.17, 72.44, 75 .06, and 75.30°C, which were assigned to the (1 1 0), (0 0 2), (À1 1 1), (1 1 1), (À1 1 2), (À2 0 2), (1 1 2), (0 2 0), (2 0 2), (À1 1 3), (0 2 2) (À3 1 1), (2 2 0) (À2 2 1), (3 1 1) (0 0 4) and (À2 2 2) planes, respectively. The XRD spectrum revealed that CuO NPs have crystalline nature and monoclinic structure, which was confirmed by the International Center of Diffraction Data Card (JCPDS NO: 01-080-1268). No other phases were observed, indicating the purity of CuO NPs. The average crystalline size of CuO NPs was calculated using the Debye-Scherrer's equation (Cullity, 1978) as follows:
where K is Scherrer's constant (K = 0.94), D is the mean crystalline size, k is the X-ray wavelength (0.1546 nm), b is the fullwidth at half-maximum of the XRD line in radians, and h is the half diffraction angle. The average size of the greensynthesized CuO NPs was found be about $26.6 nm. The XRD diffraction patterns shown in this study are in good agreement with the earlier research reported for the green synthesis of CuO NPs (Nasrollahzadeh et al., 2015a,b,c,d ,e,f,g; Vijay . The DLS analysis was used to find out the average particle size of the green synthesized CuO NPs. Fig. 1d shows the average size distribution of CuO NPs $35 nm. The morphology of the CuO NPs was analyzed using SEM and HR-TEM. Fig. 2a shows the SEM images of the CuO NPs, and the particles are mostly spherical, hexagonal and Scheme 1 Possible mechanism for the formation of CuO NPs, from black bean aqueous extract. uneven shapes. The copper (Cu) and oxide (O) peaks and elements were confirmed using EDAX analysis (Fig. 2b) and elemental mapping (inset of Fig. 2b) . Nasrollahzadeh et al. (2015a,b,c,d,e,f,g ) also confirmed the copper oxide composition in green synthesized CuO NPs through EDX. TEM images show that the CuO NPs are spherical (Fig. 2c-e) . This is very similar to those described in the previous reports (Nasrollahzadeh et al., 2015a,b,c,d,e,f,g ). Fig. 2f shows that the CuO NPs have a lattice d spacing of 2.3 Å in the (1 1 1) plane, confirming high crystallinity of the green-synthesized CuO NPs. The SAED pattern of the CuO NPs clearly shows the crystalline nature of the NPs (Fig. 2g) . Fig. 3 shows the XPS analysis of the NPs, and Fig. 3a shows the survey scan. All the indexed peaks correspond to Cu, C, and O. In the survey, the spectrum shows Cu photoelectron peaks (Cu3s, Cu2p, Cu3p, and its Cu LMM Auger), O peaks (O1s and its OKLL Auger), and the photoelectron peak of the adventitious carbon (C1s). No impurities on the surface of the NPs were detected, and the Cu and O elements result from the copper electrolytic plate and H 2 O.
The high-resolution XPS spectra of the Cu 2p are shown in Fig. 3b with strong fitting peaks at around 932.7 and 935.5 eV for Cu 2p 3/2 and 952.5 and 954.5 eV for Cu 2p 1/2 . These results are close to literature results (Gao et al., 2010) . The gap between the Cu 2p 3/2 and Cu 2p 1/2 is 19.8 eV, which is in agreement with the standard value of 20.0 eV for CuO (Lin et al., 2004; Zhu et al., 2004) . In addition to the Cu 2p 3/2 and Cu 2p 1/2 peaks, two shake-up satellite peaks appear at binding energies of 943.8 and 962.4 eV. The shake-up satellite peaks are evidence of an open 3d 9 shell corresponding to the Cu + state. Fig. 3c shows the high-resolution XPS spectra of O 1s. This core-level spectrum is broad and consists of three peaks that can be assigned to the O 2À in CuO NPs. The main peak at the lower binding energy of 529.4 eV is attributed to Cu-O, which is consistent with the literature . The other peaks at 531.4 and 532.5 eV could be assigned to chemisorbed oxygen caused by surface hydroxyl and correspond to O-H bonds and -OH, respectively. Some water molecules were also physically adsorbed on the surface Figure 4 Cytotoxic effect of CuO NPs on HeLa cells by SRB assay at 12, 24 and 48 h. Results were expressed as a percentage of viability of HeLa cells compared to their control. of the NPs (Li et al., 2007) . Fig. 3d shows the high-resolution XPS spectra of C 1s. This core-level spectrum is broad and consists of two peaks. The C element was due to the biomass material on the surface of NPs and the adsorbed carbon dioxide.
In-vitro anticancer studies
Black bean varieties contain a higher amount of bioactive compounds such as phenolic compounds (flavonoids, tannins, and anthocyanin), protease inhibitors, phytic acids, saponins and antioxidant properties compared to other common bean cultivars (Harland and Morris, 1995) . Black bean extract containing 1-2% phytate, phytate and flavonoids inhibited the growth of breast, colon, liver and prostate cancer cells via apoptosis without interfering with the proliferation of normal human fibroblast (Bawadi, 2005; Bobe et al., 2008; Hangen and Bennik, 2002; Thompson et al., 2012) . However, this black bean has been extensively studied for various anticancer studies; no work has been carried out on the CuO NPs synthesis and anticancer activity against HeLa cell line. Based on this reason we selected only black bean mediated CuO NPs in the anticancer studies.
CuO intensity of DCF was enhanced in the CuO NPs-treated cells compared with the control cells. These results indicated that CuO NPs induced intracellular ROS generation in a dosedependent manner (Fig. 6) . The alteration in mitochondrial and nuclear morphology in response to the treatment was assessed by the Mito Tracker Red and Hoechst 33258, respectively. An extended lace-like network of normal mitochondria was found in control HeLa cells. CuO NP treatment significantly altered the mitochondrial morphology of normal HeLa cells. Mitochondria have condensed clump structures in carnosine-treated cancer cells (Fig. 7) . Clonogenic survival assay was carried out to determine the ability of HeLa cells to proliferate and to form a large colony or a clone in the presence of 0.5 and 1 mg/ml CuO NPs. CuO NPs significantly reduced the number of colonies of cervical carcinoma cells compared to the control (Fig. 8) .
Copper compounds have been used to treat cancer and several diseases for thousands of years (Hajra and Liu, 2004) . Copper compounds may contain similar properties to arsenic trioxide, which is another anti-tumor compound (Wang and Chen, 2000) . Copper is a well-known heavy metal that is toxic to mammalian cells. However, with the advancement of nanotechnology, the NPs can target specific cells with lesser side effects. Even though the copper compounds have strong therapeutic potential, no study has been reported at the in vitro level. Our results agree with the results of Mariappan et al. (2011), who reported that ZnO NPs kill human myeloblastic leukemia cells and are less toxic to normal peripheral blood mononuclear cells. Wu et al. (2011) reported that iron-core gold shell NPs have cell-specific cytotoxicity.
The NPs can suppress cell viability by different mechanisms such as apoptosis and necrosis (AshaRani et al., 2009) . Apoptosis is a cell suicide mechanism that controls cell numbers. The apoptotic cascade can be triggered through extrinsic and intrinsic pathways (Kumar et al., 2011) . The induction of tumor cell apoptosis is a crucial mechanism for an anticancer compound (Frankfurt and Krishan, 2003) . Apoptosis process characterized by the morphological and biochemical changes and apoptosis of different cells in the same tissue does not occur at the same time. CuO NPs showed a clear cytotoxic effect on HeLa cells in SRB assay. In our study, copper oxide nanoparticles exerted a cytotoxic effect on HeLa cells in a concentration-dependent manner.
Conclusion
In-vitro anticancer results indicated that CuO NPs induced intracellular ROS generation in a dose-dependent manner and significantly reduced cervical carcinoma colonies. This encouraging result provides useful information for designing a much better anticancer compound using a plant-mediated synthesis of CuO NPs with minimal side effects. 
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